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a b s t r a c t
Avian malaria is one of the most common veterinary problems in Southeast Asia. The
standard molecular method for detection of the avian malaria parasite involves the
phenol–chloroform extraction of parasite genomic (g)DNA followed by the ampliﬁcation
of parasite gDNA using polymerase chain reaction (PCR). However, the phenol–chloroform
extraction method is time-consuming and requires large amounts of samples and toxic
organic solvents, thereby limiting its applications for parasite detection in the ﬁeld. This
study aimed to compare the performance of chelex-100 resin and phenol/chloroform
extraction methods for the extraction of Plasmodium gallinaceum gDNA from whole avian
blood that had been dried on ﬁlter papers (a common ﬁeld sampling method). The speciﬁcity
and sensitivity of PCR assays for P. gallinaceum cytochrome B (cytb) and cytochrome oxidase
subunit I (coxI) gene fragments (544 and 588 bp, respectively) were determined, and found
to be more sensitive with gDNA extracted by the chelex-100 resin method than with the
phenol/chloroform method. These PCR assays were also performed to detect P. gallinaceum
in 29 blood samples dried on ﬁlter papers from domestic chickens in a malaria endemic area,
where the reliable identiﬁcation of seven ﬁeld isolates of P. gallinaceum was obtained with
an accuracy of 100%. The analysis of cytb and coxI gene nucleotide sequences revealed the
existence of at least two genetically distinct populations of P. gallinaceum in Thailand, both
of which differed from the reference strain 8A of P. gallinaceum. In conclusion, the chelex100 resin extraction method is a simple and sensitive method for isolating gDNA from whole
avian blood dried on ﬁlter paper. Genomic DNA extracted by the chelex method could subsequently be applied for the PCR-based detection of P. gallinaceum and DNA sequencing.
Our PCR assays provide a reliable diagnostic tool for molecular epidemiological studies of
P. gallinaceum infections in domestic chickens and wild birds.
© 2015 Elsevier B.V. All rights reserved.

Abbreviations: coxI, cytochrome oxidase subunit I gene; cytb, cytochrome B gene; iRBCs, Plasmodium gallinaceum-infected red blood cells; PCR,
polymerase chain reaction.
夽 Note: Nucleotide sequence data reported in this paper is available in the GenBank® database under the accession numbers KP025674 and KP025675.
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1. Introduction
The unicellular parasite Plasmodium gallinaceum is a
causative agent of avian malaria and is one of the important
protozoa pathogens of poultry production systems (Ruff,
1999). Avian malaria is a common cause of poor meat quality and poor egg production. Moreover, the disease is often
fatal with a mortality rate of up to 80–90% (Permin and
Juhl, 2002; Williams, 2005), and so it can contribute to
substantial economic loss to the poultry industry. The disease is highly prevalent in tropical countries, with a high
transmission rate in Southeast and South Asia (Garnham,
1966; Valkiunas, 2005). To prevent the spread of avian
malaria diseases, it is critical to establish assays for parasite detection that are rapid, low-cost and reliable. The
most commonly used method for avian malaria diagnosis is light microscopic examination of blood ﬁlms, which
is also an accepted practice for the diagnosis of human
malaria infections (Warhurst and Williams, 1996). The
major advantages of this technique are that it is low-cost
and also preferred for an accurate estimation of the parasite
load in infections (or parasitaemia). However, the reliability of the blood smear examination is also dependent on
the quality of the microscope and staining reagents, and the
skills of the technician (Ngasala et al., 2008). For accurate
estimation of the parasite density, samples must contain a
sufﬁcient number of parasites. Microscopic examination of
blood samples with low parasitaemia levels can be laborintensive and time-consuming.
In addition, a clinical diagnosis is routinely employed in
ﬁeld studies. Clinical signs associated with avian malaria
include a pale crest, green stools and lack of appetite
(anorexia) (Williams, 2005), although these symptoms are
not necessarily malaria-speciﬁc. The disease may run a very
acute course and cause death within a week (Permin and
Juhl, 2002). In addition, the exoerythrocytic stage development in the brain may also cause cerebral capillary
blockage and the infected animals may die in the second or
third week (Frevert et al., 2008; Macchi Bde et al., 2010),
but it is not the same type of cerebral malaria as that
produced by Plasmodium falciparum infection in humans.
Nevertheless, some infected adult chickens may develop
asymptomatic infections, resulting in misdiagnosis.
Various polymerase chain reaction (PCR)-based assays
have been developed for diagnosis of human malaria parasites in the laboratory (Cordray and Richards-Kortum,
2012; Moody, 2002). These molecular methods are efﬁcient for increasing the sensitivity and speciﬁcity of the
malaria diagnosis. Thanks to the availability of genome
sequences of P. gallinaceum deposited at the Wellcome
Trust Sanger Institute website, this approach could be
established and applied for the detection of avian malaria.
A reliable high quality genomic (g)DNA preparation is
needed to ensure high PCR performance. Generally, the
most optimized methods for gDNA extraction use either
fresh or frozen whole blood obtained by pricking a ﬁnger or using venipuncture. But, in epidemiological studies,
the collection and storage of blood on ﬁlter papers is
more practical (Chaorattanakawee et al., 2003; Singh et al.,
1996). The collection of blood samples on ﬁlter papers
has proven to be cheaper and this technique does not

require refrigerated reagent storage. In the present study,
our goals were to determine an optimal gDNA extraction
method and to develop PCR-based assays for the detection of avian malaria from dried blood samples on ﬁlter
papers. Two methods that are routinely used for the extraction of blood with human malaria from ﬁlter papers are
phenol/chloroform extraction (Fortes et al., 2011; Scopel
et al., 2004; Simpalipan et al., 2014) and chelex-100 resin
extraction (Baidjoe et al., 2013; Bereczky et al., 2005;
Gadalla et al., 2013; Hwang et al., 2012; Miguel et al., 2013;
Ogouyemi-Hounto et al., 2013). This study was conducted
to assess the performance of each method for preparation
of P. gallinaceum gDNA from dried avian blood samples on
ﬁlter papers.
Currently, mitochondrial genes have been extensively
employed in PCR-based detections of the human malaria
parasites, including cytochrome oxidase subunit I (coxI)
and cytochrome B (cytb) (Aldritt et al., 1989; Haanshuus
et al., 2013; Isozumi et al., 2015; Polley et al., 2010). The
mitochondrial genome usually has higher copy numbers
than the nuclear genome, and approximately, 15 haploid
copies of the mitochondrial genome are found in P. gallinaceum (Joseph et al., 1989). Because these genes are also
shown to be highly conserved, they are often used as targets
for species identiﬁcation and are useful for phylogenetic
studies (Ekala et al., 2007; Farrugia et al., 2011; Perkins,
2008). Here, we developed two PCR-based assays for the
ampliﬁcation of coxI and cytb gene fragments to detect P.
gallinaceum DNA from the whole avian blood samples dried
on ﬁlter papers. Our assays would facilitate the rapid and
reliable detection of P. gallinaceum and be useful for largescale epidemiological surveys of P. gallinaceum infection
levels in natural populations.
2. Materials and methods
2.1. Malaria parasite and avian host
The avian malaria parasite P. gallinaceum isolate
Pg22/2012MU was a laboratory line, originally adapted
from a ﬁeld isolate from Chacheongsao province, Thailand.
The avian hosts were female domestic chickens (Gallus gallus domesticus), infected at 4 weeks of age. The animals
were purchased from a commercial hatchery. The origin
and the maintenance of the parasite and the avian hosts
were performed as described previously (Kumnuan et al.,
2013). All experiments were performed in accordance with
the approved animal study protocol (no. 1431065) and animal care & use regulations of Chulalongkorn University.
2.2. Preparation of P. gallinaceum infected blood on ﬁlter
papers
Blood stage parasites of P. gallinaceum were collected
from infected chickens. The infected blood was then mixed
with uninfected blood to produce inoculums containing
104 , 103 , 102 and 10 infected red blood cells (iRBCs) per
l, equivalent to a 0.2%, 0.02%, 0.002% and 0.0002% parasitaemia, respectively. Then 10 l of each blood inoculum
was spotted onto DNase-free Whatman 3MM ﬁlter paper
(Brentford, UK). Thus, the total numbers of the parasite

S. Pattaradilokrat et al. / Veterinary Parasitology 210 (2015) 1–9

3

Table 1
Oligonucleotide primers used for the PCR ampliﬁcation and DNA sequencing of P. gallinaceum cytochrome oxidase subunit I (coxI) and cytochrome B (cytb)
genes/gene fragments.
Primer name

Direction

Primer sequence (5 to 3 )

nt. positiona

Size of amplicon

CoxI-F1/R1

F
R
F
R
F
R
F
R
F
R
F
R
F
R

GCGTACTTTGGACCGAAAAA
CATCCAGTACCACCACCAAA
TGTGGATCTCCAGAATTAGCA
TTGATTACCAAGTAAGCTTCAGGA
TCCTACATTTGCAGGTGATCC
TTCTTGGAATGCACTTACTGTTG
TGCTGCTATTGACATAGCTTTACA
AGATATTTCTGGAGTATAACAAGTTGC
CAGACGCTTTAAATGGTTGGA
GCACCCCAGAAACTCATTTG
GGGGTCAAATGAGTTTCTGG
TTCTCTAGCACCAAAAGCAAA
TTTGCTTTTGGTGCTAGAGAA
GCCAACTCCCTGTCATGTCT

3146–3165
3733–3714
3615–3635
4169–4146
4022–4042
4553–4531
4439–4462
4959–4933
4693–4713
5207–5188
5183–5202
5736–5716
5716–5736
160–140

588 bp

CoxI-F2/R2
CoxI-F3/R3
CoxI-F4/R4
Cytb-F1/R1
Cytb-F2/R2
Cytb-F3/R3

555 bp
532 bp
521 bp
515 bp
554 bp
448 bp

a
Nucleotide (nt.) positions corresponded to positions in the mitochondrial genome sequence of P. gallinaceum strain 8A [NCBI accession number:
AB250690]. The primer sequences of cytb-R2 and cytb-F3 corresponded to the same nucleotide positions, and therefore nucleotide sequence variations
with this 21 bp region are not determined.

on each blood spot were approximately 105 , 104 , 103 and
102 iRBCs, respectively. The same volume of uninfected
blood cells was spotted on ﬁlter papers. Twelve blood spots
were prepared for each parasite sample and were dried
overnight. To minimize cross contamination, each sample
was stored in a separate sealed bag at room temperature
prior to DNA extraction.
2.3. Methods for gDNA extraction
A small piece (0.5 cm2 ) of the ﬁlter paper was excised
and transferred into a 1.5-ml microcentrifuge tube. In the
phenol/chloroform extraction method, the paper was incubated in 200 l of lysis buffer (2% (w/v) SDS, 100 mM
NaCl, 40 mM Tris HCl and 5 mM EDTA, pH 8.0) at 42 ◦ C
overnight. The suspension was treated with an equal volume of 25:24:1 (v/v) phenol:chloroform:isoamyl alcohol
and then chloroform, harvesting the aqueous phase each
time. The gDNA was precipitated by the addition of 10×
volume of absolute ethanol and 0.1× volume of 0.3 mM
sodium acetate and centrifugation. The gDNA pellet was resuspended in 100 l of standard TE buffer (10 mM Tris–HCl,
1 mM EDTA, pH 8.0) and stored at −20 ◦ C.
In the chelex-100 resin extraction method, the paper
was soaked in 200 l of 0.05% (w/v) saponin in phosphate buffered saline (PBS) buffer at 4 ◦ C overnight. The
PBS/saponin was then replaced with a 200 l of 5% (w/v)
chelex-100 resin in deionized water, heated at 99 ◦ C for
10 min and vortexed for 15–30 s. The suspension was
brieﬂy centrifuged to pellet the resin and cell debris and
100 l of the DNA solution was collected and stored
at −20 ◦ C for molecular analysis. The concentration and
A260 /A280 ratio of each of the six replicates for each gDNA
sample were measured using a NanoDropTM spectrophotometer (Thermo Scientiﬁc, USA).
2.4. PCR-based detection of P. gallinaceum cytb and coxI
gene fragments
Here, gDNA samples from P. gallinaceum-infected blood
and uninfected blood were used as the DNA templates

for PCR. Primers speciﬁc to cytb and coxI gene fragments were designed using Primer 3. Forward and reverse
primers for the 554 bp cytb fragment were Cytb-F2/R2
(Table 1), which corresponded to nucleotide positions
5183–5202 and 5736–5716 of the mitochondrial DNA
sequence of the P. gallinaceum strain 8A [NCBI accession number: AB250690] (Omori et al., 2007). Forward
and reverse primers for the 588 bp coxI fragment were
CoxI-F1/R1 (Table 1), which corresponded to nucleotide
positions 3146–3165 and 3733–3714 of the mitochondrial
DNA sequence of the P. gallinaceum strain 8A [NCBI accession number: AB250690] (Omori et al., 2007). The PCR
reactions (50 l volume) contained 200 ng of DNA template, 0.4 M each of the forward and reverse primers,
2.5 mM of MgCl2 , 200 M of dNTPs and 2 units of iTaqTM DNA polymerase enzyme in 1X iTaq PCR buffer (iNtRON,
Republic of Korea). Thermal cycling was performed with an
optimized proﬁle of 95 ◦ C for 5 min, followed by 40 cycles
of 95 ◦ C for 30 s, 55 ◦ C for 30 s and 68 ◦ C for 60 s, and then
a ﬁnal 68 ◦ C for 10 min. PCR products were analyzed by
standard gel electrophoresis with a 2% (w/v) agarose gel,
stained with ethidium bromide and visualized under UV
transillumination.
2.5. Collection and detection of ﬁeld isolates of P.
gallinaceum
In August 2013, 29 female chickens (G. gallus domesticus) of 1–2 y of age at a farm in Chachoengsao province,
which displayed clinical signs of avian malaria disease,
were selected for blood collection. Blood (300 l) was withdrawn from a wing vein and mixed with heparin and
stored on ice prior to laboratory diagnosis. Blood samples
were called Pg2/1 to Pg2/29 for the 29 sampled chickens, respectively. For microscopic analysis, a small amount
(3–5 l) of each blood sample was used to prepare thin
blood ﬁlms, ﬁxed with methanol and stained with Giemsa’s
stain. Microscopic examination of the thin blood ﬁlms
was performed by two malaria experts and levels of parasitaemia were measured. The samples were considered
microscopically negative when no parasite was detected
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in 50 microscopic ﬁelds (∼10,000 RBC) at 1000× magniﬁcation, equivalent to <0.01% parasitaemia. To determine
the presence of parasites in the blood, 200 l of the blood
was injected intravenously into a jugular vein of a 1-weekold uninfected chicken (one chicken per blood sample). The
chickens were observed daily for any clinical symptoms
and their blood was monitored by microscopic examination until 14 days post infection (dpi). Finally, three 10-l
aliquots of the remaining blood were preserved on a ﬁlter paper as three blood spots. Dried blood samples were
kept in a sealed bag at room temperature prior to gDNA
extraction.
2.6. Nucleotide sequence analysis of the coxI and cytb
genes
The gDNA from P. gallinaceum laboratory strain
Pg22/2012MU and the 29 ﬁeld isolates were extracted
from dried blood on ﬁlter papers using the chelex-100
resin method. The samples were used as DNA template
for a set of overlapping PCR reactions with gene fragment speciﬁc primers for the cytb and coxI genes (Table 1).
For DNA sequencing, PCR reactions were performed as
in Section 2.4, except in a 150 l volume with 500 ng of
gDNA template. PCR products were analyzed by standard
gel electrophoresis and directly sequenced in both the
forward and reverse directions (Table 1). Sequencing reactions were performed using BigDye Terminator v1.1 kit
(Applied Biosystems) with an ABI3730 DNA analyzer. DNA
sequences were manually edited using Bioedit 7.0.0 software and aligned using the MUSCLE Sequence Alignment
in the MEGA 5.2 program.
3. Results
3.1. Extraction of gDNA from P. gallinaceum infected
blood dried on ﬁlter papers
The gDNA was prepared by the phenol/chloroform and
chelex-100 resin extraction methods from dried blood
samples on ﬁlter papers containing 105 , 104 , 103 and 102
iRBCs and uninfected chicken blood (0 iRBC). The mean
concentrations of gDNA samples containing 105 , 104 , 103 ,
102 and 0 iRBCs extracted by the phenol/chloroform extraction method were 67.4, 44.7, 35.9, 66.1 and 36.9 ng/l,
respectively (Fig. S1A; Supplementary materials (SM)),
with mean A260 /A280 ratios of 2.01, 1.90, 1.98, 1.91 and
1.99, respectively (Fig. S1C; SM). The mean concentrations of the corresponding gDNA samples extracted by
chelex-100 resin extraction method did not relate to the
level of iRBCs and were higher than those from the phenol/chloroform extraction, being 92.2, 95.5, 123.9, 109.1
and 120.3 ng/l, respectively, with mean A260 /A280 ratios
of 1.61, 1.68, 1.64, 1.71 and 1.76, respectively. Overall,
the mean concentrations of the DNA samples extracted
by the phenol/chloroform and chelex-100 resin methods
were 51.47 and 107.2 ng/l (Fig. S1B; SM), with mean
A260 /A280 ratios of 1.94 and 1.67, respectively (Fig. S1D;
SM). Thus, the chelex-100 resin method yielded signiﬁcantly higher concentrations (p < 0.05) of gDNA from avian
blood than the phenol chloroform extraction method. The
mean A260 /A280 ratios of the gDNA samples extracted by

Fig. 1. PCR based detection of P. gallinaceum gDNA extracted by the
chelex-100 resin or phenol/chloroform method. Genomic DNA was
extracted from each dried blood sample containing P. gallinaceuminfected blood cells at 105 , 104 , 103 , 102 and 0 iRBCs by the chelex-100
resin or phenol/chloroform method. The DNA samples were used as templates for PCR reactions with primers speciﬁc for (A) coxI gene (588 bp;
coxI-F1/R1) and (B) and cytb (554 bp; cytb-F2/R2) gene fragments, with
amplicons being analyzed by standard agarose gel electrophoresis, as
described in Section 2. The gDNA templates ampliﬁed were: Lane 1, uninfected blood (negative control); Lanes 2–5, P. gallinaceum-infected blood
containing 105 , 104 , 103 and 102 iRBCs, respectively, after extraction by
the chelex-100 resin method; Lanes 6–9, P. gallinaceum-infected blood
containing 105 , 104 , 103 and 102 iRBCs, respectively, after extraction by
the phenol/chloroform extraction method. Lane M, 100 bp + 1.5 kb DNA
ladder (SibEnzyme, Russia).

the phenol/chloroform extraction method were signiﬁcantly closer to 2.00 (more pure) than the gDNA samples
extracted by the chelex-100 resin method (p > 0.05).
3.2. Molecular detection of P. gallinaceum infections
The 588 bp P. gallinaceum coxI gene fragment was
detected following PCR ampliﬁcation of the gDNA from
the infected chicken blood containing 105 , 104 and 103
iRBCs when extracted by the chelex-100 resin method
with a sensitivity of 100%, 100% and 83%, respectively,
(Fig. 1 and Table 2A). However, coxI gene fragments were
only detected in the gDNA samples extracted by the phenol/chloroform extraction method at 105 and 104 iRBCs
(and not from 103 iRBCs), with a sensitivity of 100% and
66.7%, respectively. Similarly, the cytb gene fragment was
detected by PCR in the gDNA from infected blood containing 105 , 104 and 103 iRBCs extracted by the chelex-100
resin method with a sensitivity of 100%, 83% and 83%,
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Table 2
Sensitivity of P. gallinaceum detection by PCR ampliﬁcation of coxI and cytb gene fragments from gDNA extracted by different methods.
(A) coxI gene fragment (588 bp)
Parasite number

105
104
103
102
0

Chelex resin extraction method

Phenol/chloroform extraction method

Positive/tested

Sensitivity

Positive/tested

Sensitivity

6/6
6/6
5/6
0/6
0/6

100%
100%
83%
0%
0%

6/6
4/6
0/6
0/6
ND

100%
66.7%
0%
0%
0%

(B) cytb gene fragment (544 bp)
Parasite number

105
104
103
102
0

Chelex resin extraction method

Phenol/chloroform extraction method

Positive/tested

Sensitivity

Positive/tested

Sensitivity

6/6
5/6
5/6
0/6
0/6

100%
83%
83%
0%
0%

6/6
3/6
0/6
0/6
ND

100%
50%
0%
0%
0%

while it was only detected in gDNA containing 105 and
104 iRBCs, with a sensitivity of 100% and 50%, respectively, when extracted by the phenol/chloroform method
(Table 2B). Thus, PCR assays targeting cytb and coxI were
more sensitive with gDNA extracted by the chelex-100
resin method than with the phenol/chloroform extraction.
Therefore, the residual contaminants in the chelex-100
resin extractions did not compromise the sensitivity of the
PCR assays.
In order to validate these assays for the detection of P.
gallinaceum infections in ﬁeld samples, a total of 29 chickens that displayed clinical signs of malaria symptoms (e.g.
pale crest, diarrhea, rufﬂed feathers and anorexia) were
chosen for blood collection, as described in Section 2.5.
Fresh blood samples of the chickens were subsequently
analyzed by (i) standard light microscopy, (ii) passage into
naïve chickens followed by light microscopy and (iii) PCR
assays. Microscopic analysis showed that ﬁve of the 29
samples (Pg2/5, Pg2/11, Pg 2/15, Pg 2/21 and Pg 2/22)
had parasitaemia levels of 0.017%, 0.024%, 0.332%, 0.021%
and 0.014%. When the 29 blood samples were inoculated into naïve chickens, chickens infected with seven of
these isolates (the same as above plus Pg/12 and Pg2/16)
were positive by light microscopy analysis at 8 dpi. The
other 22 chickens remained negative until 14 dpi. PCR
ampliﬁcation of the cytb and coxI gene fragments using
the gDNA extracted from dried blood spots by chelex100 resin (n = 3) revealed the unambiguous detections of
cytb and coxI gene fragments in the same seven samples that caused the transinfected chickens to develop
detectable parasite levels within 8 dpi (Fig. S2; SM), with
a sensitivity of 100%. No PCR bands were detected in
the other 22 blood samples, which were also negative
by microscopic analysis. Together, these results demonstrated that chelex-100 resin was a reliable method for
the preparation of gDNA and that PCR assays for P. gallinaceum based upon the cytb and coxI gene fragments were
highly sensitive and appeared speciﬁc for P. gallinaceum
(in terms of not amplifying the host chicken mitochondrial
genes).

3.3. Sequence analysis of P. gallinaceum mitochondrial
genes
Full-length coding sequences of the P. gallinaceum
coxI (1434 bp) and cytb (1131 bp) genes, corresponding to
nucleotide positions 3339–4772 and 4795–5295 after NCBI
accession number: AB250690, were obtained from eight
parasite isolates (Pg22/2012MU, Pg2/5, Pg2/11, Pg2/12, Pg
2/15, Pg2/16, Pg 2/21 and Pg 2/22). The sequences were
then compared with the reference sequence of P. gallinaceum strain 8A. The results showed that one single
nucleotide polymorphism (SNP) (0.09% of the 1131 nt. fragments analyzed) was detected in the cytb gene, and this
was at position 758 C/T (Fig. S3; SM) and resulted in a
non-synonymous amino acid substitution at position 253
A (GCT)/V (GTT) (the underlined letter indicated the polymorphic site) (Fig. 2). Except for Pg2/22, all the parasite
isolates had nucleotide C at position 758, which was identical to that of strain 8A. In addition, three SNPs (0.21%
of the 1434 nt. fragments analyzed) were detected in coxI
gene, and these were at positions 204 C/T, 811 T/A and 820
C/T (Fig. S4; SM), resulting in a synonymous amino acid
substitution at position 68 G (GGC)/G (GGT) and two nonsynonymous amino acid substitutions at positions 271 W
(TGA)/R (AGA) and 274 L (CTT)/F (TTT) (Fig. 3). All parasite isolates in Thailand possessed the same nucleotide
sequences, carrying nucleotides T, A and T at positions 204,
811 and 820, respectively, which were different from that
of strain 8A (nucleotides C, T and C at positions 204, 811
and 820, respectively.
4. Discussion and conclusion
The present study aimed to compare the performance of
the chelex-100 resin and phenol/chloroform DNA extraction methods for isolating PCR-compatible gDNA from
dried whole chicken blood samples on ﬁlter papers and
to develop PCR-based assays for the detection of P.
gallinaceum in such blood samples. Signiﬁcantly higher
concentrations of gDNA were obtained with the chelex-100
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Fig. 2. Amino acid sequence of Thai isolates of P. gallinaceum cytb gene. Deduced amino acid sequences of P. gallinaceum Thai isolates (Pg22/2012MU,
Pg2/5, Pg2/11, Pg2/12, Pg 2/15, Pg2/16, Pg and 2/21) were identical to that of P. gallinaceum strain 8A [NCBI reference number: AB250690]. Gray indicates
the non-synonymous amino acid substitution (A253V) that distinguished isolate Pg2/22 [NCBI reference number: KP025675] from the other Thai isolates.
Numbers indicate the amino acid positions.

resin extraction method than with the phenol/chloroform
extraction method. Moreover, the PCR assays targeting the
P. gallinaceum cytb and coxI gene fragments had a 10-fold
(at least) higher PCR sensitivity with gDNA extracted by

the chelex-100 resin method than with phenol/chloroform
method. It should be noted that the amount of parasite
DNA will only represent a minute proportion of the total
DNA extracted from each ﬁlter paper since the size of the

Fig. 3. Amino acid sequence of Thai isolates of P. gallinaceum coxI gene. Single amino acid sequences were found in 8 P. gallinaceum Thai isolates
(Pg22/2012MU, Pg2/5, Pg2/11, Pg2/12, Pg 2/15, Pg2/16, Pg 2/21 and Pg2/22 [NCBI reference number: KP025674]), which were different from that of
P. gallinaceum strain 8A [NCBI reference number: AB250690]. Gray indicates the non-synonymous amino acid substitutions (W271R and L274F) that
distinguished Thai isolates and the reference strain. Numbers indicate the amino acid positions.
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parasite genome is very small compared to that of the
chicken and that all chicken red blood cells are nucleated
(International Chicken Genome Sequencing, 2004). Using
the chelex-100 resin extraction method, single ampliﬁcation PCR assays for P. gallinaceum based upon cytb and coxI
gene fragments (588 and 554 bp, respectively) could detect
as low as 102 parasites per l. The concentration of gDNA
extracted from ﬁlter papers can be 10–100-fold lower than
those extracted from frozen samples due to the limited
sample volume that can be included in the extraction procedure. Although the chelex-100 resin extracted gDNA had
higher levels of contaminants than those extracted by the
phenol/chloroform method, nevertheless these contaminants did not appear to compromise the sensitivity or
speciﬁcity of the PCR assays. Rather, the gDNA obtained
from chelax-100 resin extraction could be successfully
used in PCR assays and DNA sequencing. This is in agreement with previous studies that have demonstrated the
usefulness of the chelex-100 resin extraction method
for obtaining gDNA from whole blood containing human
malaria parasites (Baidjoe et al., 2013; Bereczky et al., 2005;
Miguel et al., 2013; Singh et al., 1996; Strom et al., 2014).
Overall, the chelex-100 resin extraction appears to be a
rapid and sensitive method for the isolation of P. gallinaceum gDNA from avian blood.
In addition, the PCR assays for detection of P. gallinaceum
(using the cytb and coxI gene fragment ampliﬁcation) from
ﬁeld isolates were validated. Using these PCR assays, the
presence of P. gallinaceum gDNA could be detected in
the whole chicken blood samples. This result was independently conﬁrmed by light microscopy based analysis
of blood smears from experimental chickens that were
infected with the ﬁeld blood samples. Also noteworthy
was that the sensitivity of the PCR assays was slightly
higher than that of direct microscopic examination of blood
smears of ﬁeld samples, where the microscopic analysis of
P. gallinaceum was found to be insensitive to a low parasitaemia. No (false) positive PCR amplicons were detected
in >20 samples that were microscopically determined to
be P. gallinaceum free, demonstrating that the PCR-based
assays were highly speciﬁc; in terms of they were not
inﬂuenced by host chicken DNA. Note that the effect of
multiple Plasmodium infections in an individual chicken
has not been tested for. This ﬁnding suggests that the PCRbased assays could be used as a complementary method
for the screening of chickens for their P. gallinaceum infection status. Currently, there are other methods that can
improve the sensitivity of PCR based detection, such as
loop-mediated isothermal ampliﬁcation (Aydin-Schmidt
et al., 2014), which have been used for human malaria
detection from ﬁlter paper blood samples. Our future study
will be to apply these methods to improve the sensitivity
and accuracy of the molecular based detection of P. gallinaceum.
In addition, this study provided a preliminary view of
the nucleotide sequence diversity of the mitochondrial cytb
and coxI genes of P. gallinaceum ﬁeld isolates in Thailand.
Despite the limited sample size analyzed and from only
one geographical location, two allelic types of cytb and
coxI genes were identiﬁed. All these limited parasite isolates in Thailand shared the same coxI gene sequence,
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but were different to that of the reference strain 8A of
P. gallinaceum that was originally isolated from Sri Lanka
(Garnham, 1966). The cytb sequence of these Thai strains
revealed that at least two parasite groups existed in the Thai
P. gallinaceum population in Chacheongsao province. The
majority of the sampled parasite populations in Thailand
had the same cytb sequence as the reference 8A strain.
Overall, the genetic diversity of cytb and coxI in the P.
gallinaceum population in Chacheongsao appeared to be
low (although a larger dataset and from other localities is
required for conﬁrmation), and if so these genes could serve
as targets for P. gallinaceum detection and identiﬁcation.
Investigating the extent of genetic diversity of natural populations of malaria parasites is critical for malaria
control (Joy et al., 2006; Su et al., 2007). A number of
extensive genetic studies have been conducted in natural populations of human malaria parasites, and these
have led to the identiﬁcation of genes with medically and
biologically important phenotypes (Manske et al., 2012;
Neafsey et al., 2008; Volkman et al., 2007). According to
the search (as of March 2015) for genes of P. gallinaceum
at the National Center for Biotechnology Information website, there are an estimated 75 sequences of P. gallinaceum
available. Among them are genes for polymorphic antigens, such as circumsporozoite protein (csp), merozoites
surface protein-1 (msp-1) and apical membrane antigen1 (ama-1) (Lauron et al., 2014; McCutchan et al., 1996;
Polley et al., 2005). These antigen-coding genes can be
used as molecular markers for genetic mapping and for
investigating the genetic diversity of natural parasite populations. Recently, the genome of the avian malaria parasite
P. gallinaceum strain 8A was sequenced by the Wellcome
Trust Sanger Institute and the draft genomic sequence has
been deposited in the public database repository site at
PlasmoDB (http://PlasmoDB.org). These genomic resources
could provide an opportunity to investigate the extent of
the genetic diversity in P. gallinaceum.
In summary, chelex-100 resin extraction was found to
be a reliable method for the extraction of gDNA of the
avian malaria parasite P. gallinaceum from dried whole
avian blood on ﬁlter papers. This technique was faster
and yielded higher DNA concentrations than the phenol/chloroform extraction method, and resulted in more
sensitive PCR based assays for the detection of parasite
cytb and coxI gene fragments with a high speciﬁcity. These
assays could be further applied for epidemiological studies
and for monitoring the spread of the avian malaria disease
in domestic chickens and wild birds.
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